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ABSTRACT 23 

Purpose 24 

Polyphenols (PP) of virgin olive oil exert several biochemical and pharmacological 25 

beneficial effects. Some dietary PP seem to prevent/improve obesity and metabolic-related 26 

disorders such as non-alcoholic fatty liver disease (NAFLD). We investigated the possible 27 

effects of PP extracted from olive pomace (PEOP) and of the main single polyphenols 28 

present in the extract (tyrosol, apigenin, oleuropein, p-coumaric and caffeic acid) in 29 

protecting hepatocytes and endothelial cells against triglyceride accumulation and 30 

oxidative stress.  31 

Methods 32 

Rat hepatoma and human endothelial cells were exposed to a mixture of oleate/palmitate to 33 

mimic the condition of NAFLD and atherosclerosis, respectively. Then, cells were 34 

incubated for 24 h in the absence or in the presence of PP or PEOP. Different parameters 35 

were evaluated, such as lipid accumulation and oxidative stress-related markers. 36 

Results 37 

In hepatic cells, expression of peroxisome proliferator-activated receptors (PPARs) and of 38 

stearoyl-CoA desaturase 1 (SCD-1) were assessed as index of lipid metabolism. In 39 

endothelial cells, expression of intercellular adhesion molecule-1 (ICAM-1), activation of 40 

nuclear factor kappa-B (NF-kB), release of nitric oxide (NO), and wound-healing rate were 41 

assessed as index of inflammation.  42 

Conclusion 43 

PEOP extract ameliorated hepatic lipid accumulation and lipid-dependent oxidative 44 

unbalance, thus showing potential applications as therapeutic agent tuning down 45 

hepatosteatosis and atherosclerosis. 46 

 47 

KEYWORDS 48 

Non-alcoholic fatty liver disease; atherosclerosis; olive pomace; polyphenolic compound; 49 

oxidative stress. 50 

51 
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1. INTRODUCTION 52 

The critical role of diet on the pathogenesis of obesity and obesity-associated disorders has 53 

been well-established. Non-alcoholic fatty liver disease (NAFLD) is the most common 54 

disease associated to obesity [1][2], and is correlated with type 2 diabetes and 55 

cardiovascular risk [3]. NAFLD defines a wide spectrum of liver diseases which 56 

encompasses simple steatosis (NAFL), non-alcoholic steatohepatitis (NASH), cirrhosis, 57 

and even hepatocellular carcinoma [4]. Steatosis consists of excess fat accumulation, 58 

mainly triglycerides (TGs), within cytosolic lipid droplets (LDs) [5]. Progression of NAFL 59 

to NASH is sustained by oxidative stress resulting from reactive oxygen species (ROS) 60 

deriving from fat catabolism [6][7]. Oxidative stress, in fact, activates inflammatory 61 

signaling pathways such as that sustained by the nuclear factor kappa-B (NF-κB), a 62 

transcription factor of the inflammatory response also involved in liver diseases [8]. 63 

Olive oil, the main fat source of the Mediterranean diet, is an important contributor to 64 

human health in the Mediterranean area [9]. The beneficial effects of olive oil have 65 

historically been attributed to oleic acid which may decrease LDL-cholesterol and LDL 66 

oxidation (a key step in atherosclerosis) [10][11][12][13]. Additional effects of olive oil 67 

include protection against heart disease and insulin resistance [14]. Other potentially 68 

beneficial components of Mediterranean diet are polyphenols (PP), found primarily in 69 

plants and foods including tea, olive oil, red wine. PP appear to prevent several diseases 70 

including cardiovascular diseases [15][16]. Mechanisms involve the activation of several 71 

pathways governing immunomodulatory and vasodilatory properties [17]. 72 

The antioxidant activity is the most relevant biological activity of PP which protect cells 73 

against many kinds of ROS. However, PP play other biological actions that are as yet 74 

poorly understood; in particular the hepatoprotective potential has been reported for some 75 

of them [18][19]. A plethora of studies have investigated the possible medical efficacy of 76 

plant PP in vitro, in cell cultures, in model organisms and, to a lesser extent, in humans. 77 

A solid waste from olive oil production is the olive pomace, one of the most widespread 78 

agro-industrial by-products in Mediterranean area. Thus, olive oil producers seek 79 

alternative uses for olive pomace such as extraction of antioxidant compounds, conversion 80 

to a renewable fuel source, and extraction of residual oil. 81 
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Free fatty acids (FAs) are the major mediators of liver steatosis; in fact, patients with 82 

NAFLD have elevated levels of circulating FAs. The stearoyl-CoA desaturase 1 (SCD-1) 83 

catalyzes the synthesis of monounsaturated fatty acids (MUFA) from saturated ones (SFA) 84 

[20]. FAs are esterified to TGs and stored in cytosolic LDs as protection against their 85 

toxicity, or alternatively, FAs are metabolized through -oxidation in mitochondria and 86 

peroxisomes, and through oxidation in the endoplasmic reticulum (ER) with consequent 87 

ROS production. Lipid metabolism is regulated by peroxisome proliferator-activated 88 

receptors (PPARs) [21]. Uptake of FAs into hepatocytes and their oxidation is regulated 89 

mainly by PPARisoform, while the anabolic esterification and conversion to TGs by 90 

PPAR whose expression typically increases in NAFLD [22][23]. 91 

Both hepatocytes and endothelial cells participate in progression of fatty liver disease, in 92 

fact, obesity-related metabolic disorders cause endothelial dysfunction. Endothelium is a 93 

crucial blood–tissue interface controlling energy supply according to organ needs, as it is 94 

the first rate-limiting step in the utilization of long-chain FAs as fuels. Endothelial cells 95 

play regulatory functions through releasing various factors including nitric oxide (NO) and 96 

ROS [24]. In the liver, the endothelial cells of sinusoids act in fibrosis development by 97 

sustaining wound healing response and inflammation [25][26]. Wound healing process 98 

depends on endothelial cell migration which is mediated by the intercellular adhesion 99 

molecule-1 (ICAM-1) on the plasma membrane. [27]. 100 

A Mediterranean diet seems to reduce hepatic steatosis in patients with NAFLD, although 101 

the mechanisms are still unclear [28][29]. Here we investigated the effects and possible 102 

beneficial action of plant PP in terms of lipid-loading and fat-induced oxidative stress in 103 

both hepatic and endothelial cells. We used a mixture of polyphenols extracted from olive 104 

pomace (PEOP) and, for comparison, the main single phenolic compounds present in the 105 

extract (tyrosol, apigenin, oleuropein, coumaric and caffeic acid). The lipid-lowering 106 

activity of oleuropein has been widely described: (i) oleuropein decreased number and size 107 

of LDs and reduced TG accumulation in HepG2 cells [30]; (ii) oleuropein both 108 

counteracted lipid accumulation in a mouse model of NAFLD [31], and reversed the diet-109 

induced increase in liver weight in mice [32]. Tyrosol seems to protect HepG2 cells against 110 

oxidant injury [33]. Apigenin plays general antioxidant and antiproliferative actions [34]. 111 
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Coumaric acid showed anti-adipogenic effect and suppressed dyslipidemia, hepatosteatosis 112 

and oxidative stress in obese rats [35]. Caffeic acid inhibited toxin-induced liver injury and 113 

plays lipid lowering effects in vitro [36]. 114 

Here, we used rat hepatoma FaO cells exposed to a mixture of oleate/palmitate that 115 

represent a reliable in vitro model for hepatic steatosis widely employed in previous 116 

studies of our group [37][38]. As FAs seem to play also direct effects on oxidative stress of 117 

vascular endothelium [39], we used also human endothelial HECV cells exposed to FAs 118 

that could be compared to in vivo atherosclerosis, as endothelial damage is typically 119 

observed in metabolic syndrome [40].  120 

The results showed that PEOP ameliorated lipid accumulation in hepatic cells and reduced 121 

lipid-dependent oxidative unbalance in both hepatic and endothelial cells thus showing 122 

potential applications as therapeutic agents. 123 

 124 

2. MATERIALS AND METHODS 125 

2.1 Chemicals 126 

All chemicals, unless otherwise indicated, were supplied by Sigma-Aldrich Corp. (Milan, 127 

Italy). 128 

2.2 Polyphenol extraction and quantification 129 

For the extraction of polyphenols from olive pomace of Taggiasca cultivar we used an 130 

innovative and green extraction technique using a high pressure and temperature (HPTE) 131 

reactor (model 4560, PARR Instrument Company, Moline, USA). Extraction temperature 132 

(180°C) and time (90 min) were selected based on previous work [41]. According to latest 133 

studies [42][43] 5gr of dried olive pomace was mixed in 50mL of ethanol:water solution 134 

with different ethanol percentage. The extraction vessel was free of oxygen by purging 135 

nitrogen inside the chamber and closed hermetically. The pressure inside the reactor 136 

reached 25 bar. After extraction, the liquid phase was separated from the mixture by 137 

centrifugation (6000×g for 10 min) and then stored at -20°C. Before cellular treatments, 138 
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the polyphenolic extract of olive pomace (PEOP) was concentrated ten times using a rotary 139 

evaporator (Laborota, Heidolph, Germany). 140 

Total polyphenolic content (TPC) was measured using Folin-Ciocalteu assay [44] and was 141 

expressed as milligrams of caffeic acid equivalents (CAE) per milliliter of extractive 142 

solvent (mgCAE/mL). Single phenolic compounds were detected following the methodology 143 

described by Paini et al. [42] using a HPLC (Hewlett Packard, 1100 Series, Palo Alto, CA, 144 

USA) coupled with a DAD detector. 145 

2.3 Cell culture and treatments 146 

FaO cells (European Collection of Authenticated Cell Cultures, Sigma-Aldrich) are a rat 147 

hepatoma cell line maintaining hepatocyte-specific markers [45]. Cells were grown in a 148 

humidified atmosphere with 5% CO2 at 37°C in Coon's modified Ham's F12 medium 149 

supplemented with L-Glutamine and 10% foetal calf serum (FCS). HECV cells (Cell Bank 150 

and Culture-GMP-IST-Genoa, Italy) are a human endothelial cell line isolated from 151 

umbilical vein; they were grown at 37°C in Dulbecco’s modified Eagle’s medium High 152 

Glucose (D-MEM) supplemented with L-Glutamine and 10% FCS. For treatments, cells 153 

were grown until 80% confluence, then incubated overnight in serum-free medium with 154 

0.25% bovine serum albumin (BSA). To mimic in vitro the effect of a high fat diet, cells 155 

were treated for 3 h with a mixture of oleate/palmitate at a final concentration of 0.75 mM 156 

(2:1 molar ratio). Thereafter, ‘steatotic’ cells (OP) were incubated for 24h in the absence or 157 

in the presence of single PP (10 μg/mL tyrosol, 13 μg/mL apigenin, 50 μg/mL oleuropein, 158 

25μM coumaric acid, 25μM caffeic acid) or, alternatively, in the presence of PEOP at two 159 

different concentrations (0.05 and 0.1 mgCAE/mL). Stock solution of PEOP 10mM in 160 

ethanol/water was diluted with the culture medium to the working concentration. 161 

2.4 Protein quantification 162 

The protein content was determined by the bicinchoninic acid (BCA) method using BSA 163 

as a standard [46]. All measurements were performed using a Varian Cary50 164 

spectrophotometer. 165 
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2.5 Quantification of triglycerides 166 

At the end of the treatments, FaO and HECV cells were scraped and centrifuged at 167 

14,000xg for 3 min. After cell lysis, lipids were extracted in chloroform/methanol (2:1) 168 

then chloroform was evaporated [37]. In each extract, TG content was determined by 169 

spectrophotometric analysis using the ‘Triglycerides liquid’ kit (Sentinel, Milan, Italy). 170 

Values were normalized for the protein content determined by the bicinchoninic acid 171 

(BCA). Data are expressed as percent TG content relative to controls. 172 

2.6 ROS production and lipid peroxidation measurement 173 

The oxidation of the cell-permeant 2’-7’ dichlorofluorescin diacetate (DCF-DA, Fluka, 174 

Germany) to 2’-7’dichlorofluorescein (DCF) is used for quantifying in situ the production 175 

of H2O2 and other ROS [47]. Stock solution of DCF-DA (10mM in DMSO) was prepared 176 

and stored at -20°C in the dark. At the end of treatment, cells were scraped and gently spun 177 

down (600xg for 10 min at 4°C). After washing, cells were loaded with 10M DCF-DA in 178 

PBS for 30 min at 37°C in the dark. Then, cells were centrifuged, suspended in PBS and 179 

the fluorescence was measured fluorometrically (ex=495 nm; em=525 nm). All 180 

measurements were performed in a LS50B fluorimeter (Perkin Elmer, USA) at 25°C using 181 

a water-thermostated cuvette holder. 182 

Lipid peroxidation was determined spectrophotometrically through the thiobarbituric acid 183 

reactive substances (TBARS) assay which is based on the reaction of malondialdehyde 184 

(MDA; 1,1,3,3-tetramethoxypropane) with thiobarbituric acid (TBA) [48]. Briefly, 1 vol. 185 

of cell suspension was incubated for 45 min at 95°C with 2 vol. of TBA solution (0.375% 186 

TBA, 15% trichloroacetic acid, 0.25 N HCl). Then, 1 vol. of N-butanol was added and the 187 

organic phase was read at 532 nm in a Varian Cary 50 Bio UV-VIS spectrophotometer 188 

(Agilent, Milan, Italy) at 25°C using Peltier-thermostated cuvette holder. The MDA level 189 

was expressed as pmol MDA/ml/mg protein. 190 

2.7 Oil-Red O staining 191 

Neutral lipids were visualized using the selective Oil-RedO (ORO) dye [49]. Briefly, after 192 

fixing in 4% paraformaldehyde, cells were washed with PBS, stained for 20 min with 0.3% 193 
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ORO solution prepared from a stock 0.5% in isopropanol and diluted in water. After 194 

washing with distilled water, slides were examined by Leica DMRB light microscope 195 

equipped with a Leica CCD camera DFC420C (Leica, Wetzlar, Germany). 196 

2.8 Measurement of Nitrite/Nitrate (NOx) Levels 197 

NO production was measured by spectrophotometric measurement of the end products, 198 

nitrites and nitrates, using the Griess reaction [50]. After treatments, nitrite accumulation 199 

(μmol NaNO2/mg sample protein) was calculated against a standard curve of sodium nitrite 200 

(NaNO2). All spectrophotometric analyses were carried out at 25°C recording absorbance 201 

at 540nm with a Varian Cary 50 spectrophotometer. Data are means ± S.D. of at least four 202 

independent experiments. 203 

2.9 RNA extraction and real-time qPCR 204 

RNA was isolated using Trizol reagent, cDNA was synthesized and quantitative real-time 205 

PCR (qPCR) was performed in quadruplicate using 1x IQTMSybrGreen SuperMix and 206 

Chromo4TM System apparatus (Biorad, Milan, Italy) [37]. The relative quantity of target 207 

mRNA was calculated by the comparative Cq method using glyceraldehyde 3-phosphate 208 

dehydrogenase (GAPDH) as housekeeping gene, and expressed as fold induction with 209 

respect to controls [51]. Primer pair sequence have been previously reported 210 

[37][38][52][53]. 211 

2.10 Western blotting 212 

Protein levels of NF-kB p65 was assessed by western blot analysis. Briefly, the cellular 213 

pellet was suspended in 400µl ice-cold Buffer A (20mM Tris HCl pH 7.8, 50mM KCl, 214 

10µg/ml Leupeptin, 0.1mM Dithiothreitol-DTT, 1mM phenylmethanesulfonyl fluoride-215 

PMSF); then 400 µl Buffer B (Buffer A plus 1.2% Nonindet P40) was added. The 216 

suspension was vortex-mixed for 10 sec; after centrifugation (14000xg for 30 sec, 4°C) the 217 

supernatant was discarded and the nuclear pellet was washed with 400 µl Buffer A and 218 

centrifuged. The nuclear pellet was suspended in 100 µl Buffer B, mixed thoroughly in ice 219 

for 15 min and finally centrifuged (14000xg for 20 min, 4°C). The supernatant containing 220 

the nuclear extracts was collected and the protein content was measured by BCA method. 221 

About 40μg proteins were electrophoresed on 12% sodium dodecyl sulfate polyacrylamide 222 
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gel electrophoresis (SDS-PAGE) [54]. Membrane was blocked for 1h in 5% fat-free 223 

milk/PBS (pH 7.4) and probed using rabbit anti-human NF-kB p65 (SC-109) antibody 224 

supplied by Santa Cruz Biotechnology (DBA, Milan, Italy). Membranes were incubated 225 

overnight at 4°C with primary antibody in PBST buffer (PBS with 0.1% Tween 20) [55] 226 

washed and incubated with horseradish peroxidase (HRP)-conjugated rabbit anti-mouse 227 

IgG (Sigma-Aldrich) in PBST for 1h at room temperature. Immune complexes were 228 

visualized using an enhanced chemiluminescence western blotting analysis system (Bio-229 

Rad ChemiDoc XRS System). Films were digitized and band optical densities were 230 

quantified against the actin band using a computerized imaging system and expressed as 231 

Relative Optical Density (ROD, arbitrary units). ROD of each band was expressed as 232 

percentage respect to control. 233 

2.11 Wound Healing assay 234 

The migration of HECV was examined using the wound healing assay. The cells were 235 

seeded on 35 × 10 mm tissue culture dishes and incubated for 24 h or until confluence was 236 

reached. After 3h of incubation with oleate/palmitate mixture, the cells were scrapped 237 

horizontally and vertically with a P100 pipette tip (Eppendorf AG, Hamburg, Germany) 238 

and two views on the cross were photographed on each well attached to the microscope at 239 

4x magnification. The medium was replaced with fresh medium in the absence or presence 240 

of PEOP at two different concentrations (0.05 and 0.1 mgCAE/mL). Set of images were 241 

acquired at 3, 6 and 24 h. To determine the migration of HECV, the images were analysed 242 

using ImageJ free software (http://imagej.nih.gov/ij/). Percentage of the closed area was 243 

measured and compared with the value obtained before treatment. An increase of the 244 

percentage of closed area indicated the migration of cells. Data are means ± S.D. of at least 245 

three independent experiments. 246 

2.12 Statistical analysis 247 

RNA and protein data are expressed as means ± S.D. of at least four independent 248 

experiments in triplicate. Statistical analysis was performed using ANOVA with Tukey’s 249 

post-test (GraphPad Software, Inc., San Diego, CA, USA). 250 

http://imagej.nih.gov/ij/
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3. RESULTS  251 

3.1 Total polyphenol content of the extracts 252 

Polyphenol extraction was performed using HPTE. Increasing the ethanol percentage in the 253 

extraction solvent from 0 to 75%, (v/v) resulted in an increase in TPC from 2.1±0.1 to 254 

6.0±0.1 mgCAE/mL, respectively, thus confirming the synergistic effect of water and 255 

ethanol as extraction solvent [42][43]. The TPC reached with 75% ethanol is close to the 256 

TPC (5.8±0.1 mgCAE/mL) obtained using ethanol:water of 50:50 (v/v). Taking into account 257 

both TPC value and the necessity of reducing the amount of organic solvent in the medium 258 

we selected the extract composed of 50% (v/v) ethanol as solvent. HPLC-DAD analysis 259 

allowed to quantify the main phenolic compounds in the extract (Table 1). Oleuropein 260 

presented the highest concentration (0.49 mg/L) in the extract, followed by tyrosol (0.10 261 

mg/mL). 262 

 263 

3.2 Effects of polyphenols on lipid accumulation in hepatic and endothelial cells 264 

Exposure of cells to FAs was used to model in vitro what is occurring in vivo in different 265 

tissues during high fat feeding and/or obesity. Both FaO and HECV cells were overloaded 266 

of lipids by exposure to oleate/palmitate mixture (0.75 mM) for 3h. Then, cells were 267 

treated for 24h with PEOP extract (0.05 or 0.1 mgCAE/mL) or with the single polyphenols 268 

Apigenin (Api, 13 μg/mL), Caffeic acid (Caf, 25μM), Coumaric acid (Cou, 25μM), 269 

Oleuropein (Ole, 50 μg/mL), Tyrosol (Tyr, 10 μg/mL) as comparison. MTT assay was 270 

performed to exclude toxic effects of the treatments (data not shown). 271 

The intracellular TG content was quantified in control (C) and steatotic cells incubated in 272 

the absence (OP) or in the presence of the different polyphenols. In both FaO and HECV 273 

cells (Fig. 1A-B), we observed a significant increase in TG content with respect to control 274 

(+136% for FaO and +177% for HECV; p≤0.001 for both). In steatotic FaO cells, Tyrosol 275 

and Oleuropein significantly reduced the TG content (-31% and -28%, respectively, with 276 

respect to steatotic cells; p≤0.001), while no significant effects were observed with 277 

Apigenin, Caffeic and Coumaric acids (Fig. 1A). A significant lipid-lowering action was 278 

observed also with PEOP extract (-32% for 0.05 mgCAE/mL and -21% for 0.01 mgCAE/mL 279 

doses with respect to steatotic cells; p≤0.01 and p≤0.05, respectively). Conversely, no 280 

lipid-lowering action could be appreciated in steatotic HECV cells as a response to both 281 

single PP or PEOP extract (Fig. 1B). Surprisingly, the higher PEOP concentration (0.1 282 
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mgCAE/mL) led to a further increase in TG content in HECV cells (+76% with respect to 283 

steatotic cells; p≤0.001). PEOP did not modify the TG content in both control FaO and 284 

HECV cells (data not shown). 285 

Cytosolic LDs were visualized by ORO staining (Fig.1C-D). In FaO cells, the number and 286 

size of LDs increased markedly in steatotic cells (OP) compared to control and decreased 287 

upon incubation with PEOP (Fig.1C). Also steatotic HECV cells (OP) showed an evident 288 

increase in size and number of LDs, that was not modified by PEOP (Fig.1D). 289 

3.3 Effects of polyphenols on oxidative stress in hepatic and endothelial cells 290 

As an indicator of oxidative stress lipid peroxidation was assessed by TBARS assay. The 291 

MDA level (Fig. 2A) increased in steatotic FaO cells (+122% compared to control; 292 

p≤0.001), and significantly decreased upon exposure to Apigenin (-33%, p≤0.05), Caffeic 293 

acid (-59%, p≤0.001), Coumaric acid (-43%, p≤0.001) or Oleuropein (-30%, p≤0.05), 294 

whereas no changes were observed with Tyrosol. The MDA level decreased also when 295 

steatotic FaO cells were exposed to both 0.05 and 0.1 mgCAE/mL doses of PEOP (-35% 296 

and-45% with respect to steatotic cells; p≤0.01 and p≤0.001, respectively) (Fig. 2A). Also 297 

in HECV cells, the MDA level (Fig. 2B) was increased upon lipid-loading (+131% with 298 

respect to control; p≤0.001) and the single PP counteracted this effect leading to a decrease 299 

in MDA level of -43% (p≤0.001) for Apigenin, -39% (p≤0.01) for Caffeic acid, -35% 300 

(p≤0.01) for Coumaric acid, -39% (p≤0.001) for Oleuropein, and -54% (p≤0.001) for 301 

Tyrosol compared to steatotic cells. The MDA level decreased also with both 0.05 and 0.1 302 

mgCAE/mL doses of PEOP (-39% and -42% with respect to steatotic cells, respectively; 303 

p≤0.001) (Fig. 2B). 304 

Fluorimetric analysis allowed to assess in situ the ROS production, mainly hydrogen 305 

peroxide, as a response to PEOP (Fig. 2C). Steatotic FaO cells treated with PEOP at both 306 

doses showed a significant decrease in DCF florescence with respect to steatotic cells used 307 

as control (-28% and -38%; p≤0.05 and p≤0.01, respectively). Also steatotic HECV cells 308 

treated with PEOP showed a significant DCF decrease with respect to steatotic cells (-27% 309 

and -33%; p≤0.01 p≤0.001, respectively) (Fig. 2D). 310 

In control FaO and HECV cells, neither the MDA level or DCF signal were affected by PP 311 

and PEOP (data not shown). 312 

 313 
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3.4 Effects of polyphenols on hepatic lipid metabolism 314 

Hepatic lipid metabolism is under the control of PPARs; PPARα and PPAR are the most 315 

abundant isoforms in FaO cells (PPARα>PPAR [37]. Expression of PPARmRNA did 316 

not significantly change in steatotic cells compared to control (Fig. 3A); incubation with 317 

the highest dose of PEOP (0.1 mgCAE/mL) resulted in a significant decrease in PPAR 318 

expression (-42% with respect to steatotic cells; p≤0.05). On the contrary, a significant up-319 

regulation of PPAR expression was observed upon lipid-loading (1.88 fold induction with 320 

respect to control; p≤0.05), and PEOP at the highest concentration led to a further increase 321 

in mRNA transcripts (+38% with respect to steatotic cells, p≤0.05) (Fig 3A). 322 

SCD-1 catalyses synthesis of unsaturated FAs. In steatotic FaO cells, SCD-1 mRNA 323 

expression decreased with respect to control (0.54 fold induction; p0.01) and PEOP at 324 

both concentrations did no change significantly SCD-1 expression (Fig.3B). 325 

The lipid-lowering action of PEOP might be sustained by stimulation of oxidative and/or 326 

secretory pathways. With regard to mitochondrial -oxidation, CPT1 expression was 327 

significantly up-regulated upon lipid-loading (2.17 fold induction with respect to control; 328 

p0.05) (Fig.3C). PEOP at both concentrations led to a further up-regulation of CPT1 329 

expression (+86% and +156% with respect to steatotic cells; p≤0.01 and p≤0.001, 330 

respectively). Moreover, in steatotic FaO cells we observed a significant increase in 331 

extracellular TG content with respect to control (+21%; p≤0.05). Exposure to the highest 332 

PEOP concentration (0.1 mgCAE/mL) resulted in a further increase in TG secretion (+20%; 333 

p≤0.01) with respect to steatotic cells (Fig.3D). 334 

 335 

3.5 Effects of polyphenols on endothelial function 336 

NO is a major modulator of endothelial cell activity. In steatotic HECV cells, we observed 337 

a significant increase in NO release with respect to control (+88%; p≤0.001), that was 338 

counteracted by both concentrations of PEOP (-61% for 0.05 mgCAE/mL, and -66% for 0.1 339 

mgCAE/mL, with respect to steatotic cells; p≤0.001) (Fig. 4A). 340 

Similar results were observed for NF-κB activation that mediates inflammatory response. 341 

Steatotic HECV cells showed increased NF-κB p65 level of with respect to control (+28%; 342 

p≤0.01); this increase was completely reverted by both concentrations of PEOP (-21% for 343 
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0.05 mgCAE/mL, and -34% for 0.1 mgCAE/mL, with respect to steatotic cells; p≤0.01 and 344 

p≤0.001, respectively) (Fig. 4B). 345 

Expression of ICAM-1 mRNA did not change significantly in steatotic HECV cells 346 

compared to control (Fig. 4C), but incubation with the highest PEOP concentration (0.1 347 

mgCAE/mL) resulted in a significant increase (+164% with respect to steatotic cells; 348 

p≤0.001). On the other hand, expression of MT-2A did not change significantly for all 349 

treatments tested here (Fig. 4C). 350 

The PEOP effects on migrating ability of HECV cells was evaluated using the Wound 351 

Healing assay (Fig.4D-E). No significant differences in cell migration rate were observed 352 

at short times after the scratch (3 and 6 h), whereas at a longer time (24 h) the steatotic 353 

cells showed a wound width (54%) similar to that of controls (57%). Both doses of PEOP 354 

induced a significant slowdown of cell migration with a wound width larger to that of 355 

controls (71% for 0.05 mgCAE/mL, and 74% for 0.1 mgCAE/mL). 356 

 357 

4. DISCUSSION  358 

This study shows that a mixture of polyphenols extracted from olive pomace (PEOP) may 359 

counteract steatosis in a cellular model of NAFLD. At least in this model, the lipid-360 

lowering effect is sustained by modulation of lipid metabolism and packaging. Notably, 361 

PEOP extract also ameliorated lipid-dependent oxidative unbalance in endothelial cells, 362 

All together, our data suggest that PEOP might play a protective role as possible 363 

therapeutic agents acting on hepatosteatosis and atherosclerosis. 364 

In the last decades, many beneficial properties of plant polyphenols have been identified by 365 

an increasing body of studies performed on cultured cells, model animals and humans. 366 

[55]. For example, a randomized crossover trial conducted in 200 men showed a dose-367 

response effect in raising HDL-cholesterol and lowering oxidized LDL which was more 368 

evident for virgin olive oil (high in polyphenols) than for olive oil (low in polyphenols) 369 

[57] [58]. 370 

With regard to hepatocytes, the present results show that PEOP extract ameliorated lipid 371 

accumulation and lipid-dependent oxidative unbalance in steatotic cells. In fact, in situ and 372 

in vitro analyses of LD staining and TG quantification, respectively, showed a significant 373 
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reduction in fat accumulation in cells treated with PEOP without effects on cell viability. 374 

As comparison, the effects of the single PP composing the PEOP extract have been 375 

assessed showing different effect depending on the polyphenol molecule. Anti-obesity 376 

effects of diets rich in PP have been previously described in both patients and animal 377 

models [32][59], but they were mainly attributed to the ability of polyphenols to interact at 378 

first with adipose tissue which then releases molecules acting as a second step on liver. 379 

Therefore, a first result of the present study is the demonstration that the lipid-lowering 380 

action of PP depend, at least in part, on a direct action on hepatic cells rather than on 381 

adipose tissues. 382 

Dietary polyphenols may prevent steatosis development through the following 383 

mechanisms: (i) decreased lipogenesis; (ii) increased lipolysis; (iii) attenuation of 384 

inflammatory responses and oxidative stress. Our results clearly indicate that the lipid-385 

lowering action of PEOP extract on steatotic hepatocytes is, at least in part, sustained by 386 

stimulation of TG secretion. This is confirmed by the modulation of PPAR expression 387 

which increased upon exposure to the highest PEOP concentration; in fact PPAR 388 

promotes esterification and conversion of FAs to TGs and their packaging as VLDL. 389 

Moreover, PPARγ has anti-inflammatory effects by attenuating secretion of 390 

proinflammatory cytokines (including IL-1β and TNF-α) [60]. On the other hand, the 391 

reduced expression of PPARupon exposure to PEOP suggests that the extract might 392 

reduce the FA uptake from the external medium. At the same time, PEOP extract seems to 393 

reduce lipid accumulation by stimulating mitochondrial β-oxidation, as indirectly 394 

suggested by the up-regulation of CPT-1 expression. On the other hand, PEOP did not 395 

influence expression of SCD-1 that converts SFA to MUFA which are less toxic for the 396 

cell. It has to be noted that the principal product of SCD-1 activity is oleic acid, but in our 397 

in vitro model of NAFLD we supplied large amount of exogenous oleate and this fact can 398 

explain the reduced expression of SCD-1 in steatotic cells. 399 

Exposure of FaO cells to PEOP significantly reduced the ROS level and the lipid 400 

peroxidation that are typically increased in steatotic hepatocytes, and that could lead to 401 

immunological dysfunction triggering hepatic fibrosis [61]. It has to be noted that, whereas 402 

the antioxidant effect was more marked for the highest PEOP concentration, the anti-403 



 

15 
 

steatotic effect was more evident for the lowest dose. However, a non-monotonic response 404 

to increasing concentrations of a substance has been widely described in endocrinology 405 

and pharmacology. 406 

Endothelium damage is one of the main metabolic abnormalities observed in NAFLD [40]. 407 

Endothelial cells form the sinusoid wall separating hepatocytes from blood, and act in 408 

hepatic inflammation through their involvement in adhesion molecule-mediated 409 

recruitment of leukocytes [62]. Two major effector systems implicated in the vascular 410 

alterations associated with inflammation and atherosclerosis involve the generation of ROS 411 

and NO. Here, we loaded HECV cells of FAs to mimic what is occurring in vivo during 412 

high fat feeding. Interestingly, exposure of lipid-loaded HECV cells to PEOP did not 413 

reduce lipid accumulation, rather increased it at the highest dose. Consistent with these 414 

effect on fat accumulation, the highest dose of PEOP led to increased expression of the 415 

adhesion molecule ICAM-1 on the cell membrane. ICAM-1 expression is typically 416 

increased by inflammatory mediators [63] such as those produced by excess fat 417 

accumulation. 418 

As a response to lipid-loading, endothelial cells released NO and produced ROS thus 419 

triggering pro-inflammatory events. NO modulates leukocyte-endothelial cell interactions 420 

by: (i) affecting leukocyte adhesion in the microcirculation through activation of NF-κB; 421 

(ii) inhibiting platelet aggregation; (iii) protecting cells from oxidative stress through its 422 

interaction with superoxide which acts as a proadhesive molecule [64]. PEOP extract 423 

significantly reduced the ROS level and the ROS-dependent lipid peroxidation, as well as 424 

the NO release. NO is a major vasodilative substance produced by the endothelium; at low 425 

levels NO is a second messenger playing beneficial effects, while high levels of NO may 426 

cause detrimental effects through its reaction with superoxide anion for example [65]. NO 427 

also influences endothelial cell migration which is responsible for the wound healing 428 

process that, together with inflammation, sustain the progression of fatty liver towards 429 

fibrosis [26]. Accordingly with their effects on NO release, we observed that PEOP 430 

inhibited the rate of endothelial cell migration. The rate of cell migration was not modified 431 

upon fat-loading in HECV cells, whereas it was significantly slowed by exposure to PEOP. 432 
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The translational value of this study should not be overlooked since NAFLD and 433 

atherosclerosis share common metabolic abnormalities and NAFLD appears to be 434 

independently associated with cardiovascular disease. 435 

In conclusion, we show here that PEOP have potential beneficial on two key metabolic 436 

disorders of lipid metabolism, i.e. ameliorated hepatic lipid accumulation and endothelial 437 

and hepatic lipid-dependent oxidative unbalance. Notably, PEOP may lead to a novel 438 

nutraceutical formulation, in which the nutritive characteristics of food can be enriched 439 

with the health benefits related to polyphenols consumption. Further studies should extend 440 

the seminal observations in the present study and test the beneficial effects of certain 441 

concentration of polyphenols on both liver and vascular morphology and function. 442 
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Table 1: Concentration (mg/mL) of single phenolic compounds in olive pomace extract, 453 

analysed by high-performance liquid chromatography. 454 

 455 

Phenolic compound 
Concentration 

(mg/mL) 

Tyrosol 0.10 

Caffeic acid 0.03 

Coumaric acid 0.03 

Oleuropein 0.49 

Apigenin 0.01 

 456 

FIGURE LEGENDS  457 

FIGURE 1: Effects of polyphenols on lipid accumulation in hepatic and endothelial 458 

cells 459 

In FaO (A) and in HECV (B) cells, TG content was quantified by spectrophotometric assay 460 

in control and steatotic cells incubated in the absence (OP) or in the presence of the single 461 

polyphenols Apigenin (Api, 13 μg/mL), Tyrosol (Tyr, 10 μg/mL), Oleuropein (Ole, 50 462 

μg/mL), Coumaric (Cou , 25μM), Caffeic (Caf, 25μM) acid and of the PEOP extract at two 463 

concentrations (0.05 and 0.1 mgCAE/mL) for 24h. Data are expressed as percent TG content 464 

relative to control and normalized for total proteins. Neutral lipid accumulation was 465 

assessed in situ in ORO-stained FaO (C) and HECV (D) cells incubated in the absence 466 

(OP) or in the presence of PEOP extract (0.05 and 0.1 mgCAE/mL). (magnification 10x; 467 

Bar: 50 m; magnification 20x and 40x; Bar: 20 m). Values are mean ± S.D from a least 468 

three independent experiments. ANOVA followed by Tukey’s test was used to assess the 469 

statistical significance between groups Significant differences are denoted by symbols: C 470 

vs OP ***p≤0.001 and OP vs single polyphenols or PEOP 0.05 and 0.1 mgCAE/mL ### 471 

p≤0.001, ##p≤0.01, #p≤0.05). 472 
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 473 

FIGURE 2: Effects of polyphenols on lipid peroxidation and intracellular ROS 474 

production in hepatic and endothelial cells 475 

In both FaO (A) and in HECV (B) cells, the intracellular level of MDA (pmol MDA/ml x 476 

mg of sample protein) was quantified by TBARS assay in control and steatotic cells 477 

incubated in the absence (OP) or in the presence of the single polyphenols Apigenin (Api), 478 

Tyrosol (Tyr), Oleuropein (Ole), Coumaric (Cou), Caffeic (Caf) acid and of the PEOP 479 

extract at two concentrations (0.05 and 0.1 mgCAE/mL). Data are expressed as percentage 480 

values with respect to controls and normalized for total protein. The intracellular level of 481 

ROS was quantified by spectrofluorimeter assay of DCF-stained FaO (C) and HECV cells 482 

(D) in the absence (OP) or the presence of PEOP extract (0.05 and 0.1 mgCAE/mL). Data 483 

are expressed as percent Mean Fluorescence Intensity (MFI) relative to steatotic cells and 484 

normalized for total proteins. Values are mean ± S.D from at least three independent 485 

experiments. ANOVA followed by Tukey’s test was used to assess the statistical 486 

significance between groups. Significant differences are denoted by symbols: C vs OP 487 

***p≤0.001 and OP vs single polyphenols or PEOP 0.05 and 0.1 mgCAE/mL ### p≤0.001, 488 

##p≤0.01, #p≤0.05). 489 

 490 

FIGURE 3: Effects of polyphenols on hepatocyte function 491 

The mRNA expression of PPAR and PPAR(A), of SCD1 (B) and of CPT1 (C) was 492 

quantified in control (C) and steatotic FaO cells incubated in the absence (OP) or in the 493 

presence of PEOP extract (0.05 and 0.1 mgCAE/mL) by qPCR. GAPDH was used as the 494 

internal control for quantifying gene expression; data expressed as fold induction with 495 

respect to controls. (D) Extracellular TG content was quantified in the medium by 496 

spectrophotometric assay. Data are expressed as percent TG content relative to control and 497 

normalized for total proteins. Values are mean ± S.D from at least three independent 498 

experiments. ANOVA followed by Tukey’s test was used to assess the statistical 499 

significance between groups. Significant differences are denoted by symbols: C vs OP 500 

***p≤0.001, **p≤0.01, *p≤0.05 OP vs PEOP 0.05 and 0.1 mgCAE/mL mL ### p≤0.001, 501 

##p≤0.01, #p≤0.05). 502 
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FIGURE 4: Effects of polyphenols on endothelial cell function 503 

(A) NO production was quantified in the medium of control (C) and steatotic HECV cells 504 

incubated in the absence (OP) or in the presence of PEOP extract (0.05 and 0.1 mgCAE/mL) 505 

by Griess reaction and normalized for protein content (B) Densitometric analysis of 506 

nuclear NF-kB/p65 was evaluated by Western blotting; β-actin was the protein loading 507 

control used as housekeeping gene for normalization and data are expressed as percentage 508 

values with respect to controls. (C) The mRNA expression of ICAM-1 and MT2A was 509 

quantified by qPCR; GAPDH was used as the internal control for quantifying gene 510 

expression and data expressed as fold induction with respect to controls. (D) Cell migration 511 

measured by the T scratch assay photographed at 6 and 24 h incubation with PEOP extract 512 

(0.05 and 0.1 mgCAE/mL). (E).Graphs representing the percentage of the closed area as 513 

compared to time=0. T scratch assay representative images are also shown Values are 514 

mean ± S.D from at least three independent experiments. ANOVA followed by Tukey’s 515 

test was used to assess the statistical significance between groups. Significant differences 516 

are denoted by symbols: C vs OP ***p≤0.001, **p≤0.01, OP vs PEOP 0.05 and 0.1 517 

mgCAE/mL mL ### p≤0.001, ##p≤0.01). 518 

  519 
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